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T h i s  r e p o r t  summarizes the f l i g h t  ope ra t i on5  and d a t a  rn l lpr ter l  
by t h e  armored T-28 me teo ro log i ca l  research a i r c r a f t  d u r i n g  t h e  
summer 1986 COoperat i ve Huntsvi  11 e M e t e o r o l o g i c a l  EXperi ment (COHMEX) . 
Observa t i ons  a re  avai  1 ab1 e f r o m  7 4  m i  d-1 eve1 s torm p e n e t r a t i o n s  made 
d u r i n g  14 research  f l i g h t s  i n  t h e  v i c i n i t y  o f  H u n t s v i l l e ,  Alabama. 
The da ta  i n c l u d e  temperatures,  v e r t i c a l  winds, t u rbu lence ,  hydrometeor 
spec t ra ,  and e l e c t r i c  f i e l d  measurements. 
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T h i s  r e p o r t  summarizes the da ta  co l l ec tc?d  hy t h e  armored 
ins t rumen ted  T-28 me teo ro log i ca l  research a i r c r a f t  d u r i n g  COHMEX 19136. 
26iiNEA was a rnuit i-component program (Dodge -- e t  a i  ., i % 6 j  cen te red  i n  
n o r t h e r n  A1 abama and i n c l  u d i  ng: 
SPACE: The S a t e l l i t e  P r e c i p i t a t i o n  And Cloud Exper iment.  
M I S T :  The MIc roburs t  and Severe Thunderstorm p r o j e c t .  
FLOWS : FAA-Li nco l  n L a b o r a t o r i e s  Opera t i ona l  Weather Study. 
The T-28 p a r t i c i p a t i o n  i n  COHMEX was arranged under t h e  SPACE 
component of t h e  exper iment.  The T-28 obse rva t i ons  were i n tended  t o  
suppor t  i n v e s t i g a t i o n s  of hydrometeor and p r e c i p i t a t i o n  e v o l u t i o n  i n  
mature storms and s t u d i e s  o f  the r e l a t i o n  o f  s torm e l e c t r i c a l  a c t i v i t y  
t o  p r e c i p i t a t i o n  and dynamical processes. They were a l s o  i n tended  t o  
suppor t  i n v e s t i g a t i o n s  o f  exper imen ta l  remote se i i s ing  systems Working 
i n  t h e  v i s i b l e ,  i n f r a r e d  o r  microwave reg ions  and c a r r i e d  on h i g h  
a l t i t u d e  a i r c r a f t .  For  t h e  l a t t e r ,  co inc idence  o f  obse rva t i ons  f rom 
t h e  T-28 w i t h  ones from t h e  high a l t i t u d e  a i r c r a f t  was a d e s i r a b l e  
goa l  i n  t h e  f l i g h t  p lans. 
The T-28 data  are, o f  course, a v a i l a b l e  f o r  use i n  connec t ion  w i t h  
M I S T  o r  FLOWS s t u d i e s  where approp r ia te .  I n  r e t u r n ,  d a t a  f rom those  
COHMEX components, p a r t i c u l a r l y  t h e  CP-2 r a d a r  data,  w i l l  be impor tan t  
i n i n t e r p r e t i n g  and a n a l y z i  ng t h e  T-28 obse rva t i ons .  
S p e c i f i c  o b j e c t i v e s  o f  t h e  T-28 work were t o  a c q u i r e  a da ta  s e t  
compr i s ing  hydrometeor, temperature,  v e r t i c a l  wind, e l e c t r i c  f i e l d  and 
o t h e r  obse rva t i ons  f rom t h e  i n t e r i o r s  o f  mature storms d u r i n g  COHMEX. 
The s p e c i f i c  da ta  s e t  t o  be acqui red i n c l u d e :  
1. Hydrometeor spect ra,  f rom c l o u d  d r o p l e t  t h rough  h a i l s t o n e  
s i zes .  
2. P r o f i l e s  o f  v e r t i c a l  wind speed across t h e  storms. 
3. E l e c t r i c  f i e l d  measurements f rom t h e  s torm i n t e r i o r s  and 
e n v i  ronment. 
4. Observat ions o f  o the r  q u a n t i t i e s  such as c loud  l i q u i d  
water  c o n c e n t r a t i o n ,  temperature,  and tu rbu lence .  
Johnson and Smi t h  (1980) d e s c r i  bed t h e  b a s i c  i n s t  rumentat  i on 
complement on t h e  T-28. The data system was upgraded i n  1982 t o  
i n c l u d e  an on-board minicomputer f o r  c o n t r o l l i n g  t h e  da ta  a c q u i s i t i o n  
and r e c o r d i n g  f u n c t i o n s .  Some examples o f  recent  s t u d i e s  o f  mature 
s torms u s i n g  T-28 da ta  can be found i n  Heymsf ie ld  and Mus i l  (1982) ;  




2. SUMMARY OF FLIGHT OPERATIONS 
Table 1 p resen ts  a summary o f  t h e  T-28 f l i g h t  o p e r a t i o n s  conducted 
under t h i s  c o n t r a c t .  The t a b l e  i n d i c a t e s  t h e  d a t e  and t o t a l  f l i g h t  
hours f o r  each f l i g h t ;  f o r  t h e  research f l i g h t s  i n  Alabama, t h e  
s p e c i f i c  t a k e o f f  and l a n d i n g  t imes  a r e  a l s o  given. I n c l u d i n g  t e s t  and 
f e r r y  f l i g h t s  and t h e  research f l i g h t s  i n  t h e  H u n t s v i l l e  area, a t o t a l  
o f  41.0 hours were f l o w n  under t h i s  c o n t r a c t .  
The research was a ided by t h e  a d d i t i o n  o f  a P a r t i c l e  Measuring 
Systems (PMS) 2D-P probe loaned by t h e  U n i v e r s i t y  of Wyoming and two 
e l e c t r i c  f i e l d  m i l l s  made a v a i l a b l e  by t h e  NASA Marsha l l  Space F l i g h t  
Center  (MSFC). 
2D-C probe no rma l l y  c a r r i e d .  The i n s t a l l a t i o n  o f  t h e  f i e l d  m i l l s  was 
completed d u r i n g  t h e  h i a t u s  i n  T-28 f l i g h t  o p e r a t i o n s  occasioned by a 
1 i g h t n i  ng s t  r i  ke t h a t  damaged t h e  p rope l  1 e r  de i  c i  ng equipment d u r i  ng 
t h e  28 June f l i g h t ,  Replacement p a r t s  cou ld  n o t  be l o c a t e d  d u r i n g  t h e  
f i e l d  program; a f t e r  a couple o f  f l i g h t  o p p o r t u n i t i e s  had been missed, 
a d e c i s i o n  was made t o  resume o p e r a t i o n s ,  w i t h  subsequent f l i g h t s  
r e s t r i c t e d  t o  a l t i t u d e s  below t h e  O°C i so the rm t o  avo id  p o t e n t i d l  
i c i  ng problems. 
The 2D-P probe was s imp ly  a p l u g - i n  s u b s t i t u t e  f o r  t h e  
The f l i g h t s  were d i r e c t e d  f rom t h e  CP-2 r a d a r  s t a t i o n .  I n f o r m a t i o n  
about the  rada r  r e f l e c t i v i t y  s t r u c t u r e  o f  t h e  storins t o  be penetrated,  
as w e l l  as t h e  a n c i l l a r y  Doppler and d i f f e r e n t i a l  r e f l e c t i v i t y  data,  
were used t o  s e l e c t  t h e  d e s i r e d  s torm p e n e t r a t i o n  t r a c k s .  T-28 f l i g h t  
t r a c k s  de r i ved  f rom t h e  FAA a i r  r o u t e  t r a f f i c  c o n t r o l  rada rs  were 
r e c e i v e d  over  te lephone l i n e s  and i n s e r t e d  i n t o  t h e  CP-2 P P I  d i s p l a y s  
t o  determine t h e  a i r c r a f t  p o s i t i o n s  w i t h  respec t  t o  t h e  storms. 
(T racks  f o r  o t h e r  COHMEX a i r c r a f t ,  i n c l u d i n g  t h e  h i g h  a l t i t u d e  ER-2 o r  
U-2, were a l s o  presented.)  
T-28 p i l o t  t o  s e t  up t h e  s torm p e n e t r a t i o n s .  Delays i n  upda t ing  o f  
t h e  f l i g h t  t r a c k s ,  and occasional  i n t e r r u p t i o n s  of t h e  t r a c k  data,  
f r e q u e n t l y  made i t  d i f f i c u l t  t o  c a r r y  ou t  t h e  s torm p e n e t r a t i o n s  i n  
an opt imal  manner. 
on t h e  nose wheel on l a n d i n g  a f t e r  t h e  24 J u l y  f l i g h t .  Our spare t i r e  
a l s o  proved t o  be d e f e c t i v e ,  and no replacement c o u l d  be l o c a t e d  on 
s h o r t  n o t i c e .  We had a l ready  logged t h e  expected number o f  research 
f l i g h t s ,  an average o f  about one f l i g h t  every t h r e e  days be ing  t h e  
usual  T-28 exper ience,  and were w i t h i n  a few days o f  t h e  planned t e r -  
m i n a t i o n  o f  t h e  f l i g h t  program i n  any case. Consequently, no f u r t h e r  
research  f l i g h t s  were made. 
f e r r y  f l i g h t s  back t o  Rapid C i t y ,  was e f f e c t e d .  Perhaps a couple o f  
a d d i t i o n a l  o p p o r t u n i t i e s  f o r  da ta  c o l l e c t i o n  were missed as a r e s u l t ,  
b u t  by t h i s  t i m e  t h e  h i g h  a l t i t u d e  a i r c r a f t  were no l o n g e r  o p e r a t i n g  
i n  t h e  COHMEX area anyway. (The T-28 nose wheel has subsequent ly  been 
m o d i f i e d  t o  accommodate t u b e l e s s  t i r e s ,  which a r e  more r e a d i l y  
a v a i  1 ab1 e.) 
Then guidance was passed by r a d i o  t o  t h e  
The main f u r t h e r  o p e r a t i o n a l  problem encountered was a f l a t  t i r e  
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Test a t  RAP. 
Test a t  RAP. 
F e r r y  RAP-YKN. 
F e r r y  YKN-DSM. 
F e r r y  DSM-SGF e 
F e r r y  SGF-DYR. 
F e r r y  DYR-HSV. 
L i g h t n i n g  s t r i k e  t o  p r o p e l l e r .  
2D-P probe i n s t a l l e d .  
2D-C probe r e - i  n s t a l l  ed; 
f i e l d  m i l l s  on. 
2D-P probe r e - i n s t a l l e d .  
CNN photos. 
Tower f l y - b y .  
Nose t i r e  f l a t  on land ing .  
F e r r y  HSV - B Y H . 
F e r r y  BYH-SGF. 
F e r r y  SGF-LNK. 
F e r r y  LNK-RAP. 
Tes t  a t  RAP. 
F i e l d  m i l l  c a l i b r a t i o n .  
-3- 
a 
3. SUMMARY OF DATA COLLECTED 
3.1 Overview 
Table 2 p rov ides  a summary o f  t h e  research da ta  a v a i l a b l e  froin 
t h e  T-28 f l i g h t s .  ( F l i g h t s  f o r  i ns t rumen t  c a l i b r a t i o n  purposes a re  
omi t ted. )  
ducted,  and t h e  number o f  p e n e t r a t i o n s ,  a re  shown f o r  each f l i g h t .  
Coord ina t i on  o f  t h e  T-28 o p e r a t i o n s  w i t h  f l i g h t s  o f  t h e  h i g h  a l t i t u d e  
a i r c r a f t  i s  i n d i c a t e d .  
The t i m e  p e r i o d  d u r i n g  which s torm p e n e t r a t i o n s  were con- 
The T-28 c a r r i e s  two separa te  d i g i t a l  t a p e  reco rde rs .  The NOVA 
minicomputer records a l l  o f  t h e  b a s i c  da ta  (such as t ime,  pressures,  
temperatures,  a i r c r a f t  a t t i t u d e ,  and n a v i g a t i o n  d a t a )  and t h e  h a i l  
spectrometer da ta  on one reco rde r .  The PMS probe da ta  a re  recorded 
on a second tape, t o g e t h e r  w i t h  some d u p l i c a t e  r e c o r d i n g  o f  b a s i c  
d a t a  t o  p rov ide  backup f o r  t h e  NOVA system. 
The t a b l e  i n d i c a t e s  t h e  a v a i l a b i l i t y  o f  da ta  f ro l i i  t he  main 
hydrometeor sensors. 
f rom which es t ima tes  o f  l i q u i d  water  c o n c e n t r a t i o n s  can be obta ined.  
The PMS 20-C o r  2D-P probe, which r e q u i r e s  t h e  same s l o t  i n  t h e  T-28 
wing pylon, covers d i f f e r e n t  p a r t i c l e  s i z e  ranges and was a l t e r n a t e d  
as i nd i ca ted .  Cases where p a r t s  o f  t h e  f o i l  impac to r  da ta  a re  m i s s i n g  
a r e  due t o  t e a r i n g  o f  t h e  f o i l  d u r i n g  a f l i g h t .  
r e l a t e s  t o  h a i l s t o n e  impacts,  o r  occas iona ly  t o  h i g h  l i q u i d  water  
concen t ra t i ons  jamming t h e  f o i l  d r i v e  system. 
The PMS FSSP p rov ides  c loud  drop1 e t  spec t ra ,  
I n  ou r  judgment t h a t  
I n  a d d i t i o n  t o  these  data,  a two-channel audio r e c o r d i n g  i s  made 
d u r i n g  each T-28 research  f l i g h t .  One channel reco rds  t h e  p i l o t ' s  
v o i c e  comments d u r i n g  t h e  f l i g h t ;  t hese  a r e  o f t e n  h e l p f u l  i n  c o r r e -  
l a t i n g  events d u r i n g  t h e  f l i g h t  (such as l i g h t n i n g  s t r i k e s  t o  t h e  
a i r c r a f t )  w i t h  t h e  recorded data. 
reco rd ings  f rom t h e  COHMEX f l i g h t s  a re  a v a i l a b l e .  
T r a n s c r i p t i o n s  o f  those vo i ce  
A microphone p laced a g a i n s t  t h e  a i  r c r a f t  windscreen i s  connected 
t o  t h e  second channel so t h a t  any sounds o f  h a i l s t o n e  impacts can be 
recorded. 
h a i l s t o n e s  l a r g e r  than  about 1 cm i n  d iameter  a re  encountered. The 
h a i l  encountered i n  t h e  COHMEX f l i g h t s  was g e n e r a l l y  smal l ,  so t h a t  
we have not n o t i c e d  any impact sounds on t h e  tapes t h u s  f a r .  
The impact sounds a re  u s u a l l y  masked by engine no ise  unless 
Suppor t ing a i r c r a f t  f l i g h t  t r a c k  da ta  and rada r  obse rva t i ons  o f  
t h e  storms a re  needed t o  p r o v i d e  a framework f o r  o r i e n t i n g  and 
i n t e r p r e t i n g  t h e  T-28 obse rva t i ons .  
r e f l e c t i v i t y  da ta  r e g a r d i n g  t h e  storms w i l l  be t h e  CP-2, f rom which 
t h e  T-28 f l i g h t s  were d i r e c t e d .  
r e f l e c t i v i t y  obse rva t i ons ,  which can be u s e f u l  i n  h e l p i n g  t o  d i s -  
t i n g u i s h  among p r e c i p i t a t i o n  p a r t i c l e  types.  Doppler  v e l o c i t y  da ta  
a r e  a l s o  a v a i l a b l e  from t h e  CP-2 as w e l l  as f rom t h e  o t h e r  COHMEX 
Doppler  radars,  making i t  p o s s i b l e  t o  conduct m u l t i p l e  Doppler 
s t u d i e s  o f  t h e  wind f i e l d s  f o r  s e l e c t e d  storms. 
The p r i m a r y  source of rada r  
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F l i g h t  t r a c k  da ta  a re  a v a i l a b l e  f rom two sources: The FAA a i r  
r o u t e  t r a f f i c  c o n t r o l  rada r  f l i g h t  t r a c k s  and t h e  VOR/DME da ta  
recorded on board t h e  T-28. The FAA f l i g h t  t r a c k  da ta  be ing  a r c h i v e d  
a t  NASA MSFC a re  expected t o  be t h e  more u s e f u l  because t h e y  w i l l  be 
a v a i l a b l e  d i r e c t l y  i n  t h e  same c o o r d i n a t e  system as t h e  CP-2 r a d a r  
data.  However, t h e  on-board VOR/DME d a t a  a re  a v a i l a b l e  as a backup 
and f o r  cross check ing w i t h  t h e  FAA t r a c k s .  
3.2 Kinematic - and R e l a t e d  Data 
The k inemat ic  da ta  ob ta ined  by t h e  T-28 p e r m i t  c a l c u l a t i o n s  o f  
v e r t i c a l  winds and t u r b u l e n t  energy d i s s i p a t i o n  rates.  Kopp (1985) 
desc r ibed  the procedure used t o  e s t i m a t e  t h e  v e r t i c a l  winds, w h i l e  t h e  
method used t o  o b t a i n  t h e  t u r b u l e n c e  values i s  o u t l i n e d  i n  Sand -- e t  a l .
(1976).  F i g u r e  1 p resen ts  an example i n c l u d i n g  v e r t i c a l  wind and t u r -  
bu lence  values f o r  P e n e t r a t i o n  No. 6 on t h e  14 J u l y  f l i g h t .  The t h i r d  
t r a c e  f r o m  t h e  t o p  shows t h e  c a l c u l a t e d  v e r t i c a l  v e l o c i t y ,  w h i l e  t h e  
bot tom t r a c e  i n d i c a t e s  t h e  i n t e n s i t y  o f  t h e  tu rbu lence .  The inaxirnurn 
measured u p d r a f t  speed of about 12 m s-l i s  f a i r l y  t y p i c a l  o f  t h e  
s t r o n g e r  u p d r a f t s  found i n  t h e  COHMEX storms. The r e l a t i v e l y  u n i f o r m  
tu rbu lence  across t h e  u p d r a f t  i s  unusual compared t o  p rev ious  T-28 
obse rva t i ons  i n  o t h e r  l o c a t i o n s .  More commonly, h i g h  t u r b u l e n c e  
va lues occur a t  t h e  edges o f  u p d r a f t  reg ions,  w i t h  r e l a t i v e l y  l ower  
t u r b u l e n c e  i n s i d e  t h e  u p d r a f t s .  
The k inemat ic  obse rva t i ons  a re  most u s e f u l  when they  can be 
r e l a t e d  t o  o t h e r  da ta  about t h e  storm, such as t h e  a i r c r a f t  m ic ro -  
p h y s i c s  o r  temperature da ta  and r a d a r  obse rva t i ons  o f  t h e  storm. To 
i l l u s t r a t e  t h i s ,  F i g .  1 a l s o  shows va lues o f  t h e  c loud  l i q u i d  water 
c o n c e n t r a t i o n  and t h e  h a i l s t o n e  c o n c e n t r a t i o n  ( p a r t i c l e s  >5 mn i n  
d iameter)  recorded d u r i n g  t h e  same p e n e t r a t i o n .  The t o p  t r a c e  shows 
t h e  h a i l s t o n e  c o n c e n t r a t i o n ,  w h i l e  t h e  second t r a c e  i n d i c a t e s  t h e  
observed c loud  l i q u i d  water c o n c e n t r a t i o n s .  The co inc idence  o f  h a i l -  
stones (or  perhaps l a r g e  graupel  p a r t i c l e s )  and c loud  l i q u i d  water  
i n  t h e  u p d r a f t  r e g i o n  p rov ides  an i n d i c a t i o n  t h a t  p a r t i c l e  growth 
i s probably cont  i n u i  ng i n t h a t  r e y i  on. 
3.3 Hydrometeor Data 
The hydrometeor sensors a v a i l a b l e  f o r  t h e  T-28 cover  t h e  s i z e  
range f r o m  c l o u d  d r o p l e t s  through h a i l s t o n e s  ( w i t h  a gap i n  t h e  range 
o f  approx imate ly  50-100 pm). 
meteor data i n  a conc ise  summary form, b u t  i l l u s t r a t i v e  examples 
may be use fu l .  
It i s  n o t  easy t o  present  t h e  hydro- 
To s t a r t  w i t h  t h e  c loud  d r o p l e t s ,  two sensors p r o v i d e  r e l e v a n t  
i nformat ion.  The Johnson-Wi 11 i ams (J-W) h o t  w i  r e  sensor g i  ves Val ues 
o f  c loud  l i q u i d  water c o n c e n t r a t i o n ,  w h i l e  t h e  P a r t i c l e  Measuring 
Systems (PMS) FSSP, f u r n i s h e d  by t h e  NCAR Cloud Systems D i v i s i o n ,  
measures d r o p l e t  s i z e  s p e c t r a  f rom which l i q u i d  water  c o n c e n t r a t i o n  
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Time p l o t  o f  se lec ted  da ta  f rom t h e  s i x t h  T-28 p e n e t r a t i o n  on 
%u+i 1986. H a i l s t o n e  concen t ra t i ons  a re  f rom t h e  h a i l  spect rometer  
and c loud  l i q u i d  water concen t ra t i ons  (LWC) f rom t h e  FSSP. The t i m e  
s c a l e  can he conver ted t o  an approximate d i s t a n c e  s c a l e  u s i n g  t h e  
nominal T-28 f l i g h t  speed o f  0.1 km/s. 
o f  f l i g h t ;  F ig .  2 shows a composite spectrum c o v e r i n g  18 s ( o r  about 
1.8 km o f  f l i g h t  pa th )  i n  t h e  siroiig i i p d r a f i  r e g i o n  o f  P e n e t r a t i o n  E 
on 14 J u l y  ( t h e  same p e n e t r a t i o n  as i s  shown i n  F ig .  1 ) .  The mode 
d r o p l e t  d iameter  was about 1 5  pin and d r o p l e t s  >40 urn i n  d iameter  were 
observed. The l a r g e s t  d r o p l e t  s i z e  sensed by t h e  T-28 FSSP was 45 pm, 
b u t  i t  i s  l i k e l y  t h a t  some even l a r g e r  d r o p l e t s  were present .  The 
t o t a l  d r o p l e t  c o n c e n t r a t i o n  was r a t h e r  h igh ,  n e a r l y  700 c K 3 .  
The J-W sensor does n o t  respond w e l l  t o  d r o p l e t s  l a r g e r  than  about 
30 1lm i n  diameter.  As l a r g e r  d r o p l e t s  appear i n  t h e  spec t ra ,  t h e  FSSP 
e s t i m a t e s  o f  l i q u i d  water  c o n c e n t r a t i o n  a re  l i k e l y  t o  he more accurate.  
They are used wherever a v a i l a b l e  (as i n  F ig .  l ) ,  w i t h  t h e  J-W va lues  
(which were u s u a l l y  somewhat l ower )  used f o r  backup. 
The PMS two-dimensional  imaging probes were o r i e n t e d  on t h e  T-28 
t o  p r o v i d e  v e r t i c a l  s i l h o u e t t e s  of t h e  p a r t i c l e s .  The PMS 2D-C probe, 
a l s o  f u r n i s h e d  by t h e  NCAR Cloud Systems D i v i s i o n ,  covers t h e  s i z e  
range f rom about 100 1 l rn  t o  1 nun. The exact  l i m i t s  a re  no t  s h a r p l y  
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F i g .  2: Composite FSSP c l o u d  d r o p l e t  s i z e  spectrum f o r  an 18-s p e r i o d  i n  
t h e  updra f t  reg ion  o f  Pene t ra t i on  No. 6 on 14  J u l y  1986. NT = average 
d r o p l e t  concen t ra t i on  ( c ~ n - ~ ) ;  LWC = l i q u i d  water  c o n c e n t r a t i o n  (g/m3); 
T = observed temperature ( " C ) ;  A l t  = f l i g h t  a l t i t u d e  (m above MSL) .  
d e f i n e d  because t h e  p i x e l  s i z e  corresponds t o  about 30 prn and r e l i a b l e  
i d e n t i f i c a t i o n  o f  smal l  p a r t i c l e s  r e q u i r e s  images a t  l e a s t  a few 
p i x e l s  across. A t  t h e  upper end of t h e  range, t h e  a p e r t u r e  o f  t h e  
2D-C i s  1 mm across, b u t  p a r t i a l  images o f  l a r g e r  p a r t i c l e s  a re  o f t e n  
adequate t o  pe rm i t  i d e n t i f i c a t i o n  and s i z e  de terminat ion .  
The PMS 2D-P probe, p rov ided  by t h e  U n i v e r s i t y  o f  Wyoming, covers 
t h e  s i z e  range up t o  6.4 mm w i t h  a p i x e l  s i z e  o f  0.2 mm. Again, a 
minimum image s i z e  o f  a few p i x e l s  i s  r e q u i r e d  f o r  r e l i a b l e  i d e n t i -  
f i c a t i o n  and s i z i n g .  F i g u r e  3 shows a sample o f  t h e  2D-P image da ta  
f rom t h e  same reg ion  f rom which t h e  examples i n  F igs .  1 and 2 were 
taken.  The presence o f  p a r t i c l e s  2-3 mm i n  s i z e  i s  conspicuous, b u t  
many smal le r  p a r t i c l e s  a re  a l s o  present .  Some o f  t h e  p a r t i c l e s  have 
i r r e g u l a r  o u t l i n e s  and appear t o  be i c e  p a r t i c l e s ,  b u t  i t  i s  hard  t o  
see where t h e y  would have o r i g i n a t e d  as these obse rva t i ons  were taken  
i n  an updra f t  r e g i o n  a t  about +2.5"C. Images o f  t h e  usual  " s t r e a k e r s "  


















The f o i l  impactor  da ta  cover  about t h e  same s i z e  range as t h e  2D-P 
observat ions,  b u t  a re  much more t e d i o u s  t o  analyze i n  d e t a i l .  However, 
t h e y  do g i v e  a good v i s u a l  impress ion o f  p a r t i c l e  c o n c e n t r a t i o n s  and 
b e t t e r  i n d i c a t i o n s  when c e n t i m e t e r - s i z e d  p a r t i c l e s  a re  present .  For 
example, when t h e  T-28 f l e w  i n  reg ions  w i t h  r e f l e c t i v i t y  f a c t o r s  of 
50-60 dBz, we ob ta ined  f rom t h e  f o i l  d a t a  t h e  impress ion  t h a t  t h e  
r e f l e c t i v i t y  was due t o  r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  o f  p a r t i c l e s  
i n  t h e  s i ze  range 4-8 mn. That tends t o  be conf i rmed by t h e  h a i l  
spect rometer  data,  which w i t h  o n l y  a few excep t ions  i n d i c a t e d  no 
p a r t i c l e s  l a r g e r  than  10 mm i n  s i ze .  
on P e n e t r a t i o n  6 o f  t h e  14 J u l y  f l i g h t  was 9 rnm, a l t hough  l a r g e r  
p a r t i c l e s  were recorded d u r i n g  t h e  f i r s t  p e n e t r a t i o n  on t h a t  day.) 
(The l a r g e s t  p a r t i c l e  recorded 
3.4 E l e c t r i c  F i e l d  M i l l  Data ~ - -  
During t h e  COHMEX f i e l d  p r o j e c t ,  t h e  T-28 was equipped f o r  t h e  
f i r s t  t ime w i t h  two e l e c t r i c  f i e l d  m i l l s .  The ins t rumen ts  were 
mounted on t h e  a i r c r a f t  i n  a v e r t i c a l l y  opposed o r i e n t a t i o n ,  one on 
t h e  canopy and one on t h e  l ower  bay door. 
was a l s o  i n s t a l l e d  w i t h  d i scha rge  p o i n t s  t o  p e r m i t  cha rg ing  t h e  
a i r c r a f t  f o r  c a l i b r a t i o n  purposes. 
A h i g h  v o l t a g e  power supp ly  
The m i l l s  were c a r r i e d  on seven research f l i g h t s ,  s t a r t i n g  w i t h  
9 J u l y  and c o n t i n u i n g  th rough  t h e  end o f  t h e  COHMEX season. 
l i m i n a r y  a n a l y s i s  o f  t h e  d a t a  shows t h a t  s i g n i f i c a n t  e l e c t r i c  f i e l d  
s t reng ths ,  rang ing  up t o  app rox ima te l y  -100 KV/m, were measured on 
f o u r  o f  the f l i g h t s .  Dur ing  t h e  remain ing f l i g h t s  o n l y  weak f i e l d s ,  
on t h e  order o f  a few KV/m, were recorded. The ins t rumen ts  performed 
q u i t e  wel l  d u r i n g  these  f i r s t  f l i g h t s  i n t o  t h e  i n t e r i o r s  o f  mature 
storms, with o n l y  one f a i l u r e  o c c u r r i n g  d u r i n g  t h e  second p e n e t r a t i o n  
o f  t h e  22 J u l y  f l i g h t .  A n a l y s i s  o f  t h e  c a l i b r a t i o n  f l i g h t  data 
(ob ta ined  on 5 November) i s  s t i l l  be ing  c a r r i e d  o u t  t o  e s t a b l i s h  t h e  
p r o p e r  sca le f a c t o r s  f o r  t h e  f i e l d  m i l l  data.  
Pre-  
3.5 Tower F l y -by  
The T-28 made a s e r i e s  o f  l o w - l e v e l  passes by an i ns t rumen ted  
tower  on t h e  Redstone Arsenal ,  on t h e  morning of 24 J u l y ,  f o r  i n s t r u -  
ment c a l i b r a t i o n  purposes. The p l a n  had c a l l e d  f o r  a t o t a l  of 9 
passes, 3 each a t  120, 140, and 160 kno ts  i n d i c a t e d  a i rspeed;  however, 
ground personnel d i d  no t  a r r i v e  a t  t h e  tower  t o  t u r n  on t h e  r e c o r d i n g  
equipment u n t i l  a f t e r  t h e  4 t h  pass. S ince  t h e r e  was no a i r - t o - g r o u n d  
communication w i t h  t h e  tower ,  t h i s  was unknown u n t i l  a f t e r  t h e  f l i g h t .  
Nevertheless,  da ta  f rom t h e  remain ing 5 passes suggest t h a t  t h e  T-28 
p ressu re  and temperature probes were work ing  p r o p e r l y .  
measurements f rom t h e  T-28 averaged c0.5 mb d i f f e r e n c e  f rom t h e  tower  
data,  whi le  t h e  temperature measurements were w i t h i n  about 0 . 5 O C  o f  
each other.  A c l o s e r  examinat ion of t h e  f l y - b y  d a t a  w i l l  be 










3.6 General Impressions Regarding -- t h e  Data 
i n  Table 3. Average temperatures d u r i n g  t h e  COHMEX f l i g h t s  ranged 
r e l a t e d ;  e a r l y  p e n e t r a t i o n s  were accomplished a t  temperatures below 
f r e e z i n g  and those  l a t e r  i n  the season were accomplished a t  tempera- 
t u r e s  warmer t h a n  f r e e z i n g  because o f  t h e  p rope l  1 e r  d e i  c i  ng dev i  ce 
mal f u n c t i o n .  Maximum equi  Val ent p o t e n t  i a1 temperature ranged between 
339-347, b u t  u s u a l l y  t h e  values were q u i t e  u n i f o r m  d u r i n g  each 
p e n e t r a t i o n .  T h i s  suggests t h a t  t h e  COHMEX storms were q u i t e  w e l l  
mixed. T h i s  c o n t r a s t s  w i t h  High P l a i n s  obse rva t i ons  t h a t  tend t o  
show ve ry  h i g h  va lues i n  t h e  updra f t  reg ions,  w i t h  low values i n  o t h e r  
r e g i o n s  o f  t h e  storms. 
The T-28 d a t a  gathered du r ing  COHMEX a r e  summarized by p e n e t r a t i o n  




The v e r t i c a l  winds were found t o  be g e n e r a l l y  weak, t h e  average 
maximum ( u p d r a f t )  be ing  l e s s  than 4 m 5 - l .  T y p i c a l  maxima were l e s s  
t h a n  5 m s -1  and t h e  abso lu te  maximum was 19 m s'l, observed on 
23 June. Downdrafts (minima) were t y p i c a l l y  between -5 t o  -10 m s'l. 
The u p d r a f t  reg ions  i n  the COHMEX storms were g e n e r a l l y  smal l  , b u t  
w r e  gsual  l y  ve ry  tu rbu le f i t  ( turbu! ence va! ues g r e a t e r  t han  abo i i t  
9 cm2/3 s'l correspond t o  extreme t u r b u l e n c e ) .  
h i g h  were f r e q u e n t l y  found i n  High P l a i n s  storms, t h e  COHMEX storms 
u s u a l l y  d i d  no t  have t h e  a d d i t i o n a l  problem o f  l a r g e  h a i l .  Tab le  3 
shows t h a t  h a i l  was i n f requen t ,  o c c u r r i n g  i n  l e s s  than  25% o f  t h e  
p e n e t r a t i o n s ,  and t h e  h a i l s t o n e s  were u s u a l l y  smal l .  Even i n  some of 
t h o s e  cases, one may ques t i on  whether some o f  t h e  p a r t i c l e s  observed 
w i t h  t h e  T-28 h a i l  sensor could have been l a r g e  l i q u i d  drops; t h i s  
p o s s i b i l i t y  appears t o  have some suppor t  i n  t h e  2D-P data.  
A l though values t h a t  
The maximum c l o u d  l i q u i d  water c o n c e n t r a t i o n s  (LWC) f o r  each 
p e n e t r a t i o n  were taken  f r o m  FSSP data,  except  f o r  8 J u l y ,  22 J u l y ,  
and 24 J u l y  when t h a t  dev i ce  f a i l e d .  Values from t h e  Johnson-Wil l iams 
senscr  were s u b s t i t u t e d  5 : :  those cases. The FSS? o b s e r v a t i o n s  teiibed 
t o  be s l i g h t l y  l a r g e r  than  those measured by t h e  J - W ,  b u t  u s u a l l y  t hey  
were q u i t e  c lose .  
low, t y p i c a l l y  much l e s s  than  a d i a b a t i c  values. 
I n  any case, t h e  LWC values were found t o  be ve ry  
-11- 
TABLE 3 
SUMMARY OF DATA BY PENETRATION 
D a t e  
2 1  Jun 
23 Jun 




8 J u l  
----- TIMES----- Max V e r t  Vel .  Max Max LWC Max 
F l t  Pen I n  Out Temp Be Max/Min TURB ( F S S P )  Hail 

































































































17  1852 
17  2800 
173737 
-6.5 344 101- 9 13 
-6.5 341 01- 6 10 
-7.0 341 31- 6 7 
-7.5 342 51- 6 17 
-6.5 344 191-11 13 
-7.0 342 141- 9 13 
-1.8 344 101- 8 14 
-7.0 340 21- 4 4 
-7 .O 34 1 11- 4 4 
-7.0 340 21- 5 5 
-6.0 343 31- 8 12 
-1.0 342 21- 6 9 
-1.5 343 81- 5 10 
-0.5 342 51- 4 10 
-1.0 340 31-  6 8 
-1.0 341 01- 5 7 
-6.0 340 01- 8 8 
-5.5 342 31- 8 9 
-6.0 342 41- 9 13 
-6.0 341 61- 9 10 
-6.0 342 41- 6 7 
-5.5 342 11- 5 8 
-6.5 340 11- 5 4 
-6.0 345 111- 5 10 
-6.5 341 41- 5 9 
-6.0 342 21- 6 7 
-6.0 342 41- 8 7 
-6.0 343 21- 4 5 
3.5 342 21- 4 8 
3.0 346 41- 9 9 
M M M M 
M M M M 








































* - Tape stopped a t  170057, -50 s b e f o r e  end o f  p e n e t r a t i o n .  
M - M i s s i n g  da ta .  
+ - B a l l  p r e s s u r e  d a t a  used. 











14 J u l t  
16 Jul  
20 Jul  
22 Jul  
24 Jul  




















































SUMMAKY OF DATA BY PENETRATION 
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4. ANALYSIS PLANS 
Plans f o r  more d e t a i l e d  a n a l y s i s  o f  t h e  T-28 COHMEX da ta ,  t o g e t h e r  
w i t h  re levan t  c o r o l l  ary da ta  f rom o t h e r  sources , are  be ing  formulated.  
Such d e t a i l e d  a n a l y s i s  o f  t h e  T-28 d a t a  was no t  p a r t  o f  t h e  o b j e c t i v e s  
o f  t h e  present c o n t r a c t .  
separa te  funding arrangements. 
T h i s  a n a l y s i s  w i l l  be c a r r i e d  out  under 
The T-28 operated on t h e  f o l l o w i n g  "co re  SPACE o p e r a t i o n a l  days" 
t h u s  f a r  i d e n t i f i e d :  
23, 24, 28 June 
8, 14, 20 J u l y  
As shown i n  Table 2, a t  l e a s t  rough c o o r d i n a t i o n  o f  t h e  T-28 s torm 
p e n e t r a t i o n s  w i t h  o v e r f l i g h t s  o f  t h e  h i g h - a l t i t u d e  a i r c r a f t  occu r red  
on a l l  s i x  o f  t hose  days. Consequently, t hose  days w i l l  p robab ly  
r e c e i v e  t h e  h i g h e s t  p r i o r i t y  i n  our da ta  a n a l y s i s  work. 
o u r  rank ing o f  t hose  s i x  co re  days, i n  terms o f  t h e  q u a l i t y  o f  t h e  
T-28 data a v a i l a b l e .  
Table 4 shows 
Date Rank 





8 Ju l y  
2 L i g h t n i n g  
smal l  h a i  
Remarks 
h a i  1 observed. 
s t r i  k e y  possi  b e 
3 Many p e n e t r a t i o n s  , poss i  b l  e 
m a l  1 h a i  1. 
4 T r a c k i n g  problems. 
5 High concent r a t i o n  o f  
p a r t i c l e s  on f o i l ,  b u t  no 
2D-C data.  
6 Data system f a i l e d  d u r i n g  
P e n e t r a t i o n  2; a1 so no 









C o o r d i n a t i o n  w i t h  o t h e r  COHMEX i n v e s t i g a t o r s  i n  t h e  a n a l y s i s  work 
has a l ready  been i n i t i a t e d .  F o r  example, T-28 d a t a  f o r  t h e  22 J u l y  
f l i g h t  have been sent t o  D r .  V .  N. B r i n g i ,  p r i n c i p a l  i n v e s t i g a t o r  on 
t h e  CP-2 observa t i ons ,  f o r  comparison w i t h  t h e  rada r  data.  S i m i l a r  
p r o j e c t  i n  Montana ( B r i n g i  e t  al., 1983). I n i t i a l  comparisons o f  some 
o f  t h e  T-28 in icrophys ics da ta  w i t h  numerical  c l o u d  model r e s u l t s  
o b t a i n e d  by F. 3 .  Kopp o f  D r .  H. D. O r v i l l e ' s  Numerical Model ing Group 
a t  t h e  South Dakota School o f  Mines and Technology have a l s o  been 
made. 
cnm:2risnnc het!!ee!? CP-2  an:! T 29 : !Z . tZ ;re ;v;::Gh;2 :?xi t h e  %C:E 
An a b s t r a c t  e n t i t l e d  "Cloud M i c r o p h y s i c a l  Measurements i n  Support 
o f  COHMEX," by V. K e l l e r ,  D. Musi l  and P. Smith, has been accepted 
f o r  t h e  program o f  t h e  Second A i r b o r n e  Science Workshop (see 
Appendix B) . The paper w i l l  p resent  an i n i t i a l  summary o f  some o f  
t h e  T-28 COHMEX obse rva t i ons ,  w i t h  comparisons t o  s i m i l a r  obse rva t i ons  
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ABSTRACT 
As p a r t  o f  t h e  1986 Cooperat i  ve Hun tsv i  1 l e  M e t e o r o l o g i c a l  
EXperiment (COHMEX) a c l o u d  physics i n s t r u m e n t e d  T-28 a i  r c r a f t  was 
used i n  c o n j u n c t i o n  w i t h  m u l t i p l e  ground based Dopp le r  rada rs  t o  
c h a r a c t e r i z e  hydrometeors and u p d r a f t  s t r u c t u r e  w i t h i n  deve lop ing  
summertime cumul us and cumulonimbus c loud  systems near Hun tsv i  11 e, 
A1 abama. 
P a r t i c l e  c h a r a c t e r i z a t i o n  i n s t r u m e n t a t i o n  aboard t h e  T-28 a i  r c r a f t  
i n c l u d e d  a P a r t i c l e  Measuring Systems (PMS) Forward S c a t t e r i n g  Spec- 
t r o m e t e r  Probe (FSSP), a PMS 2D Cloud Probe and a PMS 2D P r e c i p i t a t i o n  
Probe, as w e l l  as a h a i l  spectrometer and a f o i l  impactor .  Hydrome- 
t e o r  s p e c t r a  were ob ta ined  i n  t h e  i n t e r i o r  o f  mature thunderstorms 
o v e r  t h e  s i z e  range f rom c loud d r o p l e t s  th rough  h a i l s t o n e s .  I n  addi -  
t i o n ,  v e r t i c a l  wind speed, temperature, Johnson-Wil l iams (Jw j  i i q u i d  
wa te r  con ten t  and e l e c t r i c  f i e l d  measurements were made th roughou t  t h e  
c louds.  S i g n i f i c a n t  m ic rophys i ca l  d i f f e r e n c e s  e x i s t  between these  
c louds  and summert ime cumul onimbus c l  ouds which develop over  t h e  
C e n t r a l  P l a i n s .  One n o t a b l e  d i f f e r e n c e  i n  c louds d i s p l a y i n g  s i m i l a r  
r a d a r  r e f l e c t i v i t i e s  i s  t h a t  COHMEX hydrometeors a re  t y p i c a l l y  s m a l l e r  
and more numerous than  those  observed i n  t h e  C e n t r a l  P l a i n s .  T h i s  has 
i m p o r t a n t  imp1 i c a t i o n s  f o r  remote sensing measurements. 
The COHMEX c l o u d  m ic rophys i ca l  measurements rep resen t  "ground 
t r u t h "  va lues f o r  t h e  remote sensing i n s t r u m e n t a t i o n  which was f l own  
o v e r  t h e  c loud  tops  a t  a l t i t u d e s  between 60,000 and 70,000 f t  aboard 
NASA U-2 and ER-2 a i r c r a f t .  They a re  a l s o  be ing  used j o i n t l y  w i t h  a 
numer ica l  c l o u d  model t o  a s s i s t  i n  understanding t h e  development o f  
summertime s u b t r o p i c a l  c louds. 
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